Abstract. This paper presents experimental and numerical results of butt friction stir welding of high density polyethylene. The FSW designed tool insulates the welded samples and preserves the heat gained from friction thus avoiding the appearance of blisters and splits after welding. The experimental tests, conducted according to combinations of process factors such as rotation speed, welding speed, pin diameter and hold time at beginning welding, were carried out according the Taguchi orthogonal table L 27 in randomized way. Temperatures in the joint during the welding operation and flow stresses from the tensile tests of welded samples were measured and variances were analyzed. Identified models were used to simulate, by finite elements, the tensile tests performed on specimens having a weld cordon in their active area. The results show coherence between the numerical predictions and experimental observations in different cases of weld cordon mechanical behaviour.
Introduction
The friction stir welding (FSW) is a relatively new welding process developed and patented by "Welding Institute" (TWI) in 1991. FSW is based on heat supplied by friction between the tool and the two parts to be welded and a strong plastic deformation in the material. The originality of this method is to weld components in solid state since the melting point of metallic materials is not reached during the process [1] . Therefore, the changes of phase are only in solid state, contrary to the traditional process of fusion welding which eliminates the shortcomings associated with the solidification and lead to lower internal stress compared to conventional welding.
Unlike metallic materials, polymers have a low hardness, a melting temperature very low reached quickly by the friction phenomenon, a very short time of solidification and a low thermal conductivity [2] . Therefore, rarely attempts were made to achieve a functional tool for FSW polymers [3] . A standard aluminium tool where pin and shoulder are connected, gave a bad roughness and a low tensile strength of welded joint. Under the effect of the inertia forces, parts of the polymeric particles rotated by the shoulder are ejected outside the mixed zone, causing a matter loss in the welded cordon. Another attempt, in which the tool consists of rotary pin, a thrust bearing and a not rotary shoulder, was successful. The rotating pin generates heat by friction in the joint and stirs the pasty matter thus carrying out a connection on an atomic scale. The shoulder slides along parts to be welded. It makes it possible to trap the molten matter and to apply a permanent pressure on the welded zone while material cools thus limiting the formation of air blisters. Furthermore, a heater mounted inside the shoulder provides heat power when the frictional heating is not sufficient [4] . Some polymers were subjected to FSW to evaluate the tensile strength of the weld and compare it to that of base material. The "Welding Institute" reported that they carried out the FSW of polypropylene, with a rate of maximum stress of welded joint of around 98% compared to the raw material.
In this study, thick sheets (15mm) of very high density polyethylene (Code ISO 1043: HDPE) were chosen to be welded. It used in industry, Agro-industry, medical area and domestic.
Materials and Methods
The FSW of polymer is very sensitive to the rotation speed N and the welding speed V of the tool [5] . Three pins with different sizes were designed and manufactured as metric thread (M ). Pin diameter M and friction surface S characterize approximately the cord width and stirred volume. The hold time Tm while the tool is pressed into the matter at the beginning of the welding operation, has also been considered as a factor. For these factors three levels are fixed (Table 1) . ) thus reducing time and number of experiences through reduction of experiment number from 81 to only 27. Indeed, factors and interactions are assigned in specific columns organized from predefined Taguchi linear graph ( Figure 1 ) [6] . The 27 welding experiences were conducted on universal milling machine ( Figure 1 ). Welding tools are made from steel bar (NE C48). They have a shoulder, a threaded pin having a height slightly less than the thickness of plates to weld and an upper part for their fixation on the rotary mandrel ( Figure 2 ). Unlike previous studies [3] our preliminary welding tests showed that using a low thermal conductivity scraper retards the cooling of welded plates and contributes to a better distribution of temperature in the weld cordon. The process dependent variables are the temperature T measured in the weld cordon during the welding operation and mechanical characteristics of the welded samples obtained from tensile tests. We considered the yield stress ( 2% ) at 0.2% of strain and the first maximum stress ( maxi : flow stress) corresponding to strains lower than 50% (table 2) . Furthermore, the tensile specimens have a standard geometry according to ISO3167 norm [7] and figure 3 shows the geometrical configuration of their cutting. joints) through the relationship between these two families of variables. The Fisher test is used to assess the degree of significance in these relationships. In this study, we analyzed the maximal temperature in the weld cordon during its formation and tensile yield stress of welded specimens.
Temperature
The ANOVA table 3 shows that only the angular speed N, the welding speed V and the pin friction surface S have a statistically significant effect on maximum temperature at the 95,0% confidence level. This follows from the correlation between the mechanical power converted into heat, the operating parameters and geometrical tool involved in the FSWP. 
Yield stress and maximum stress
The ANOVA table 4 corresponding to the yield stress of welded samples shows that operating parameters and their interactions have not a statistically significant effect on maximum temperature at the 95.0% confidence level. Indeed, the mean of yield stresses of all welded samples is around of 11.7MPa in the same order that the base material, their absolute variation is about 1.5MPa. This yield stress mean and its absolute variation can not be attributed to operating parameters. The flow stress results of welded joints showed at 5% level significance the angular speed, pin frictional surface and interaction rotation speed welding speed have a significant effect on this constraint (Table 5) . 
Behaviour modelling 4.1 Macroscopic Observations
Tensile tests carried out on welded specimens having a cordon on their central active area, showed three types of failures (Figure 4) . Failures caused by great strain located in the base material. Failures resulting from large strain located in the weld cordon and failures produced without significant deformation occurring at the weld cordon center. 
Fig. 4. Differents types of failures
These observations show that failures, observed in the areas where large strain occurred, are the indicators of the local mechanical properties inhomogeneity of the tensile welded specimen. However, failures without appreciable strain in weld cordon result from a matter discontinuity. This defect could be detected by observation under the optical microscope ( Figure 5 ), for the junctions made at temperatures above 180°C. The discontinuity can be caused by combined effects of overheating and the superficial tension of matter in liquid phase. 
Stress/strain relationship
The rational tensile curves ( Figure 6 ) make it possible to distinguish, from the stresses according to the inelastic strain, two evolution stages. The first corresponds to strain ranging between 5 and 55%. The second is linear; corresponding to strain above 60% and exceeds 150% for other tests. The experimental observations made it possible to adjust the stress-strain relationship for an isothermal tensile test by the following model:
Where is rational stress, i inelastic strain and K 1 , K 2 , 0 , n 1 , n 2 , are the model coefficients. The determination of the model coefficients is made, as illustrated in figure 6 , by calibrating the model on the experimental curves, the calibration results are presented in Table 7 .
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tensile tests simulation
The identified models were used to simulate, by ABAQUS finite element code, the experimental tensile tests performed on tensile specimens having a weld cordon width of 14mm situated in the central zone of the active area. The analysis results ( Figure 7) shows a coherence between the numerical predictions and experimental observations when the mechanical properties of the base material are much lower than those of the weld cordon. The most important strain concerns the only base material. It seems they are governed by the flow stress recorded in the strains zone lower than 45%. For other tests, experience has shown that the presence of the weld cordon was either the cause of localization of highest inelastic strain either the cause of premature rupture without strain. The numerical simulations prove that the first case corresponds to a weld cordon having mechanical properties inferior to those of the base material (Figure 6a ). The second case can be attributed to the discontinuity in the weld cordon. The behaviour inhomogeneities can appear either as a strengthened cordon or a mild cordon, else in local defects form.
Discussions
The thermal measurements recorded during different welding show that in the range of rotation speed 900-1700 rpm and of welding speed 16 and 44 mm.min -1 , the reached temperature levels vary between 120 and 180°C. This proves that the welding of HDPE is produced in a liquid state by melting the material. Indeed, the HDPE's thermal properties are favourable to reduction in the heat affected zone size. In addition, a scraper used to limit energy loss outward weld plates, seems to improve significantly both aesthetic aspect and mechanical property of the welded parts. The comparison between experimental observations and numerical predictions for the tensile tests of welded samples indicates that mechanical properties of weld cordon are dependent on welding parameters. For safe welded parts, two behaviours were observed. The first corresponds to the presence of a weld cordon more deformable than the base material; the second corresponds to the presence of a weld cordon less deformable than the base material ( Figure 7 ). This finding lets admitting to the existence of an intermediate configuration of operational parameters for obtaining weld joint with mechanical properties very close to the base material.
Conclusion and perspective
The study highlighted the promises and difficulties of FSW of HDPE. The large number of parameters affecting the mechanical properties of welded joints requires planning characterization tests; this reduces time and cost of experiments. The obtained results showed the feasibility of welding operations as well as good mechanical properties of HDPE's mechanical assemblies; they could be comparable to the base material. Moreover, the thermal measurements have proved that the welding takes place in liquid phase after melting of the material. More precautions should be taken as regards of FSW tools avoiding losses energy and material. The characterization tests at controlled temperatures are likely to provide more accuracy in behaviour models building. This is a future subject of investigation where the modelling, identification and numerical simulation take all their dimensions to predict the polymer welded structures behaviour.
